We aimed to develop a risk score to improve the prediction of severe obesity in pediatric craniopharyngiomas (PCs). METHODS: Overall, 612 consecutive PCs were prospectively enrolled from six hospitals. Data from 404 participants were analyzed. Participants from three of the six hospitals (n = 290) were used to develop a risk score. External validation of the developed risk score was conducted using the participants from the other three hospitals (n = 114). Sequential logistic regression was used to develop and validate the risk score. The c statistic and a calibration plot were used to assess the discrimination and calibration of the proposed risk score. RESULTS: The overall frequency of severe obesity was 16.1% (65/404). The risk score employed a scale of 0-16 and demonstrated good discriminative power, with an optimismcorrected c statistic of 0.820. Similar results were obtained from external validation, with a c statistic of 0.821. The risk score showed good calibration, with no apparent over-or under-prediction observed in the calibration plots. CONCLUSIONS: This novel risk score is a simple tool that can help clinicians assess the risk of severe obesity in PCs, thereby helping to plan and initiate the most appropriate disease management for these patients in time.
P ediatric craniopharyngiomas (PCs) are challenging and complex benign tumors of the sellar and suprasellar region. Because of their benign nature, total surgical removal with appropriate additional endocrine replacement therapy is the treatment of choice to prevent recurrence and improve patients' life quality (1, 2) . However, their close proximity to vital neurovascular structures poses a significant surgical challenge, even in experienced hands. Hypothalamic obesity is a significant complication of craniopharyngiomas and is associated with increased mortality (3, 4) .
Although several studies have sought to identify risk factors for the early detection of obesity before surgery (5) (6) (7) (8) , success has been variable, suggesting that a single risk factor is not demonstrated to be sufficient for evaluation in the clinical setting. Therefore, the application of a predictive model using multiple markers is likely to be of greater use. The primary goal of our study was to incorporate multiple clinical risk factors in the prediction of severe obesity in the early stages of PC. More specifically, we aimed to develop and validate a risk score that can identify patients with either a very high or a very low probability of developing severe obesity, using only baseline characteristics before a detectable change in serum creatinine, in PC patients.
METHODS
A total of 612 consecutive PC patients, aged 4-16 years, were prospectively enrolled between September 2006 and August 2012 from six regional central hospitals located in five cities in China. All participants gave informed consent for this specific study. Among these participants, 208 were excluded based on predetermined exclusion criteria ( Figure 1 ). The remaining 404 participants comprised our study population, of whom 290 participants from three of the six hospitals served as the development cohort to develop the risk score. The remaining 114 participants from the other three hospitals served as an independent validation cohort.
All of the pathological materials and medical records of these patients were reviewed. The diagnosis of PC was confirmed with histology. The average age of the patients (260 male and 144 female patients) was 8.25 ± 6.20 years at the time of surgery (range 4-16 years). All of the clinical, radiological, and surgical data were recorded in detail. Tumor size was estimated as the maximum measurable dimension on magnetic resonance imaging and classified as small (≤2 cm), moderate (2-4 cm), large (4-6 cm), or huge (46 cm). All 404 patients in this series underwent surgical resection with the aim of total tumor removal along the edge of the tumor membrane; the surgeries were performed by Professor Songtao Qi.
Growth Pattern of PCs and Clinical Classification
As indicated in our previous study, the pituitary stalk penetrates two membranous structures (namely, the diaphragma sellae and the basal arachnoid membrane) to reach the pituitary gland. Accordingly, PCs originating along the developmental path of the stalk may manifest different topographic relationships with these membranes. On the basis of comprehensive assessment of pre-surgical MR imaging, intra-operative findings, and the most likely originating site (9), tumors were classified into three subtypes, as illustrated in Figure 2 (type Q: infradiaphragmatic; type S: supradiaphragmatic, interarachnoid, extraventricular; and type T: supradiaphragmatic, infundibulotuberal). This topographical classification scheme highlights the site of origin of the tumor and the relationship between the tumor and supra-sellar membranous structures. Such a classification could serve as one of the criteria for surgical planning and broaden our understanding of these formidable tumors. On the basis of the type of tumor, we identified three distinct patterns of hypothalamic involvement before surgical resection of PCs. Preoperative hypothalamic status (PHS) at the time of diagnosis was evaluated using the assessment method according to Puget et al. (4) (Figure 2 ).
Endocrinological Assessment
Morning fasting venous blood samples were obtained from all subjects to detect plasma thyrotropin, free thyroxine (FT4 and FT3), cortisol, total testosterone, follicle stimulating hormone, luteinizing hormone, prolactin, growth hormone, and insulin-like growth factor-1 levels and to assess thyroid function 3 days before surgery. Hypopituitarism was defined as partial or complete loss of the hypothalamic-pituitary axis (10) . Growth hormone deficiency was diagnosed on the basis of low serum insulin-like growth factor-1 levels or an insulin tolerance test (growth hormone peako10 μg/l) (11). Gonadotropin deficiency was defined as low or inappropriate follicle stimulating hormone and luteinizing hormone levels with low testosterone levels (12) . Central hypothyroidism was defined as low or inappropriate thyrotropin levels in the presence of low free T4 (FT4) levels (12) . Adrenocorticotropic Hormone (ACTH) deficiency was defined by a peak cortisol value after provocative testing (insulin hypoglycemia test and glucagon or short synacthen test) of o18 ng/ ml or a baseline plasma cortisol level of o3 ng/ml (13) .
BMI was expressed as the SD score based on the references established by Hui et al. (14) . Obesity was defined as a BMI greater than 2 SDs above the gender-and age-specific mean; severe obesity was also expressed as a binary variable, defined by a BMI more than 3 SD above the age-and gender-specific mean. The influence of sex, preoperative obesity, tumor type, the presence of hypopituitarism or hydrocephalus, and PHS was analyzed as potential predictive factors.
Follow-Up
Follow-up data were obtained from patients' regular follow-up office visits and/or by contacting the patients and their families. Follow-up monitoring was performed at regular intervals based on clinical status, imaging findings, and the physician's preference. The median follow-up period was 32.16 ± 22.25 months (range 3-68 months). This study was approved by the Committee on Human Research at the Southern Medical University.
Statistical Analysis
The reporting of the present study closely follows the guidelines of the Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) statement (15) . We developed the risk model based on the development cohort. First, we selected meaningful clinical risk factors by logistic regression with backward elimination. Candidate predictor variables that were statistically significant (Po0.1) in univariate logistic regression models were considered for inclusion in the backward elimination multiple regression. In this step, the incremental change in the c statistic was used to quantify the contribution to risk reclassification of each variable. We then devised a risk score (16) Articles | Li et al. 
RESULTS
The flowchart of participant enrollment is presented in Figure 1 . Of the 404 participants, 65 (16.1%) had developed severe obesity at the last visit. A total of 47 (16.2%) participants in the development cohort and 18 (15.8%) participants in the validation cohort developed severe obesity after surgery. Table 1 shows the baseline characteristics of eligible participants in the development and validation cohorts, as recorded at enrollment. The baseline characteristics of the validation cohort were generally similar to those of the development cohort, although the validation cohort was drawn from an independent group of participants. Neither significant nonlinearity nor significant interactions were found ( Table 1) .
Risk Score Development
Predictive models that included preoperative obesity, hydrocephalus, and PHS (Tables 2 and 3) as variables yielded c statistics of 0.524, 0.612, and 0.745, respectively. Scores based on the final risk prediction model are presented in Table 4 .
The estimated predicted probability of developing severe obesity during follow-up observation after surgery in a patient with craniopharyngioma according to the proposed risk score is expressed as:
where − 3.7269 and 0.3885 are the intercept and slope coefficients of the regression, respectively. The total risk score ranges from a minimum value of 0 (lowest risk) to a maximum value of 16 (highest risk), with corresponding estimated predicted probabilities of developing severe obesity ranging from 2.4 to 92.3% ( Table 4) . The optimism-corrected c statistic of the risk score in the development cohort, computed using the bootstrapping technique, was 0.820.
To illustrate the application of the risk score, consider the example of a 10-year-old girl with type T craniopharyngioma, hydrocephalus, obesity, and a PHS score of 1. On the basis of the scoring system illustrated in Table 4 , her total risk score is 3.5+4.5+0.5 = 8, and the estimated predicted probability that she will develop severe obesity is 35.0%, as indicated by Table 5 . An easy-to-use online tool was developed, whereby an individual's underlying risk of severe obesity can be estimated by entering the individual's characteristics.
Risk Score Validation
The c statistic of the risk score in the independent validation cohort was 0.821. The receiver operating characteristic curves for the development and validation cohorts and by tumor type are shown in Figure 3 . The calibration plots for both cohorts show close agreement between the predicted and observed risk of severe obesity, with no apparent over-or under-prediction (Figure 4) . Calibration plots were constructed for both cohorts; the Hosmer-Lemeshow χ 2 -values in the development and validation cohorts were χ 2 = 0.384 (P = 0.944) and χ 2 = 1.361 (P = 0.715), respectively. The frequency of severe obesity was similar in the development and validation cohorts.
Clinical Implications of the Risk Score
We developed a clinical risk score based on tumor origin and obesity-related factors, as presented in Table 2 . To enhance the clinical utility of the risk score, we used the quartiles of estimated risk to classify patients into three categories: low risk (0-5 points), moderate risk (5-10 points), and high risk (10-16 points; Figure 5 ). The frequency of obesity in the development cohort and the validation cohort was 9.3 and 9.5%, respectively, in the low-risk group, 31.1 and 40.0% in the moderate-risk group, and 63.9 and 66.7% in the high-risk group. As Figure 5 shows, the risk of developing severe obesity was highly and positively associated with the risk scores (P for trend o0.001).
The generated risk score was also correlated with the presence and stage of severe obesity. The score was significantly higher in those patients who developed severe obesity than in those who did not, and a higher risk score was observed in patients with more severe obesity (Po0.001). Furthermore, we developed a clinical score based on the clinical model with obesity-related factors, as presented in Table 2 . Internal validation of the risk score was performed on the development data set using the bootstrap method, followed by external validation with the validation data set; the c statistics for the internal and external validation were 0.820 (95% confidence interval (CI) 0.751-0.889) and 0.821 (95% CI 0.699-0.942), respectively. The tabulation of the risk score for each variable is shown in Table 4 . The receiver operating characteristic curves and calibration plots, as well as risk categories, are presented in Figures 3 and 5 .
DISCUSSION
Hypothalamic obesity is a frequent complication of craniopharyngiomas and is refractory to current management options (1, 4, 6, 8) . We developed and validated a clinical scoring system to identify PC patients at a very high or very low risk of developing severe obesity after surgery, before a Obesity has a major impact on quality of life in patients with craniopharyngioma (4-6). We observed a wide variation in the BMI of these patients, both in our data and in the literature, suggesting that preoperative obesity, tumor type, hydrocephalus, PHS, and severe obesity are closely correlated. Several predictive factors have been proposed to determine the risk of obesity (5) (6) (7) (8) , including tumor size, calcification, and solidity. In the present study of clinical outcomes in 404 cases of PC with total tumor removal, no significant difference was found in the frequency of severe obesity or prognosis by tumor size or tumor components. In contrast, different tumor growth patterns were demonstrated to be highly associated with not only severe obesity but also clinical outcomes ( Figure 3) . A higher frequency of obesity, as well as decreased overall survival, progression-free survival, and poorer Similar to other reports in the literature (19) (20) (21) (22) (23) (24) , the frequency of long-term severe obesity was~16.1% in our study group. The available data imply that, at least in some of these patients, type T tumors more frequently result in hyperinsulinemic obesity. In contrast, patients with type Q tumors presented with classical characteristics of hypopituitarism and apparent total growth hormone deficiency. This finding may be attributable to the differences in the location of the tumors. Unlike previous studies that defined tumor location as pre-and retrochiasmatic, or intrasellar and extrasellar (or both), we developed and used a morphological classification that considers both the tumor's pre-surgical appearance on imaging and its topographical relationship to membranous structures. Therefore, the accelerated weight increase is mainly due to the craniopharyngioma itself; in other words, tumor location may be the major factor influencing weight change.
In our series, the mean BMI SD score increased from 0.0 to 2.7 at 6 months to 2.4 at 1 year after surgery. Müller previously showed that preoperative BMI was the only independent predictor of long-term obesity in craniopharyngioma patients (8) . Our data confirm these findings; children who developed hypothalamic obesity before surgery had a significant and rapid BMI increase over the first year after treatment, followed by stabilization, with no subsequent loss of weight; preoperative obesity seems to be a significant predictive factor for severe long-term obesity. In addition, patients who remained at a normal weight during follow-up showed a lower BMI SD score at the time of PC diagnosis (8, 25) . Therefore, an increased BMI at diagnosis is another significant risk factor predictive of the development of severe obesity.
Hydrocephalus has been well documented as a predictor of poor outcomes following the surgical treatment of PCs. In the present study, obstructive hydrocephalus was rarely observed in patients with type Q and type S tumors, in spite of the large tumor size in some patients, whereas it was commonly observed in patients with type T tumors. These data suggest that the predictive value of hydrocephalus in PC surgery outcomes reflects differences in tumor location and growth patterns. The severity of obesity at presentation was significantly correlated with the presence of hydrocephalus, suggesting that the relative effects of hydrocephalus-causing PC tumors are intimately related to severe obesity.
The height of the tumor in the midline has been considered by some authors as a predictor of postoperative hypothalamic status (26) . As Puget et al. (4) noted, a preoperative assessment indicating a loss of hypothalamic integrity might be refuted by postoperative magnetic resonance imaging showing reappearance of the floor of the third ventricle. The lack of reliability in assessing tumor invasion of hypothalamic structures on preoperative magnetic resonance imaging has also been documented by several other scholars. PHS is highly associated with the incidence rate of severe obesity postoperation, and the difference was statistically significant in our study. In our development cohort, for patients whose PHS = 0 (n = 117), we can find a boundary between tumor and brain tissue and remove tumor along the edge of its cyst membrane. A flat pituitary stalk can be seen behind the huge tumor cyst wall and reserved without being much disturbed. We believed that the hypothalamus tissue can be protected well in these patients and have the lowest incidence rate of postoperation severe obesity. For patients whose PHS = 1 (n = 147), tumors adhere ventricle tightly and gliosis is commonly found. Confrontational separation is needed, and aimless pulling that may cause damage to the hypothalamus and lead to severe obesity should be avoided. For patients whose PHS = 2 (n = 30), the boundary of tumor, gliosis, and hypothalamus tissue is unrecognized; a figure-like structure may be observed in the histologic section, and they have a high incidence for postoperative severe obesity. This finding could be partially explained by differences in tumor growth patterns; for example, infundibulotuberal tumors may disrupt the floor of the third ventricle at the offset, whereas infradiaphragmatic tumors usually arise adjacent to the floor of the third ventricle, even in very large-size tumors. The more serious the hypothalamic invasion by craniopharyngioma, the higher the rate of long-term obesity.
Accurate assessment of severe obesity is essential for the selection of appropriate therapy. In routine clinical practice, however, clinical outcomes vary among patients with the same tumor stages, suggesting that the present staging system is not adequate for the management of severe obesity. The present study derived and validated a potential clinical prediction tool rather than a decision rule, with the aim of helping the attending physician who will make the clinical Risk levels according to the risk score in the development and validation cohorts. Scores were categorized into low-risk (0-5 points), moderate risk (5-10 points), and high risk (10-16 points) categories. A higher score was associated with a higher risk of developing severe obesity in PC patients; P for trend o0.001.
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decision. The factors incorporated in the proposed risk score are readily available data recorded on admission or from routine medical examinations.
Highlights and Limitations of this Study
Our study has several highlights. First, we derived, for the first time, a risk score for the early detection of PC patients at high risk of severe obesity. Second, the risk score showed high discriminative power, as well as high robustness and reproducibility, as shown by concordance between internal and external validation results. Third, in order to develop a prediction tool for the early detection of patients at risk of severe obesity after craniopharyngioma surgery, we excluded those who had recurrent tumors at admission, and we did not use these data in developing the risk score.
Our study also has certain limitations. First, its generalizability is limited, as all data were obtained from patients in China, and the distribution of clinical characteristics might be different in other areas. However, given the significant contribution of China to the worldwide burden of craniopharyngioma, it makes sense to perform an initial investigation in a Chinese population. Second, our findings remain to be confirmed by other independent studies. The question of whether the risk score predicts severe obesity due to craniopharyngiomas, or from other causes, remains to be addressed. Third, although the study participants were recruited from six hospitals located in five cities in China, the generalizability of the risk score to other population requires confirmation in further analyses.
CONCLUSIONS
Craniopharyngiomas are complex tumors associated with significant morbidity and mortality and require thoughtful treatment plans using a multidisciplinary and individualized approach. We developed and validated a novel risk score by incorporating major clinical risk factors to predict severe obesity in craniopharyngioma patients early. Individual risk prediction may assist clinicians in assessing the risk of severe obesity, which, in turn, would help them plan and initiate the most appropriate disease management for patients in a timely manner. In conclusion, this risk score can effectively predict obesity in PC patients and may facilitate patient counseling, decision-making regarding individualized adjuvant treatment, and follow-up monitoring.
